Successfully designing and making effective of use of the next generation of liquid fuels, which will be derived from a range of biomass and fossil sources, requires an understanding of the interactions between structurally similar and dissimilar fuel components when utilised in current engine technology. Interactions between fuel components can influence the release of energy and production of harmful emissions in compression ignition combustion through determination of the autoignition behavior of the fuel. This paper presents experimental studies carried out in a single-cylinder engine supplied with a range of binary mixture fuels to investigate the effect of fuel component interactions on autoignition in direct injection compression ignition. A range of binary mixtures consisting of toluene and n-heptane and also 1-octene and n-octane were tested so as to observe respectively the effect of an aromatic compound and an alkene on n-alkane combustion and emissions. The engine tests were carried out at constant injection timing and they were repeated at constant ignition timing and at constant ignition delay, the latter being achieved through the addition to the various fuels of small quantities of ignition improver (2-ethylhexyl nitrate). Increasing the presence of toluene in the toluene/n-heptane binary mixtures resulted in an increased ignition delay time and generated a distinct two stage ignition process. An increased level of 1-octene in the binary mixtures of 1-octene/n-octane was also found to increase ignition delay, though to a much lesser extent than toluene in the case of the toluene/n-heptane mixtures. Interactions between the fuel components during the ignition delay period appear important in the case of the toluene/n-heptane mixtures but not those of 1-octene/n-octane. At constant injection and constant ignition timings, the combustion phasing and the level of emissions produced by each binary mixture were primarily driven by the ignition delay time. With ignition delay equalised, an effect of adiabatic flame temperature on NOx production was visible.
Introduction
There is consensus that anthropogenic release of CO 2 is resulting in global climate change [1] , and this coupled with fears regarding security of supply of traditional fossil fuels is driving the move towards more sustainable future fuels. In addition, emissions legislation [2] reflects the need to reduce the levels of other environmentally harmful emissions from combustion of liquid fuels, such as NOx [3] and particulate matter; optimising the efficiency of energy release, while decreasing pollutant emissions, will be key to the success of future fuels.
Such fuels will likely come from both refined fossil sources and biomass. In either case, the resulting fuel will be a mixture of many compounds of dissimilar chemical structure. Manipulation of the composition of a fuel is already routinely used, for example in fossil diesel, to meet specifications regarding cold flow properties and cetane number. Varying proportions of fuel components has also been employed to better control homogeneous charge compression ignition (HCCI) combustion [4] [5] [6] . However, when designing a future fuel, a deeper understanding of how individual components are interacting to dictate combustion phasing and contributing to the production of emissions is invaluable.
Key to determining combustion phasing in compression ignition combustion is the ignition delay time exhibited by a fuel. Therefore, studying the autoignition properties of binary fuel mixtures has long been of interest in combustion research and, in particular, mixtures containing toluene have received much attention. As an aromatic compound, toluene is representative of the many such compounds found in fossil fuels, and of compounds produced from the catalytic cracking of crude renewable oils and the hydrothermal treatment of algal biomass [7, 8] . Fuels suitable for compression ignition combustion nearly always require components that possess long alkyl chains in order to be of significant ignition quality, and several studies have investigated the interactions of toluene with n-heptane in differing proportions and at varying conditions.
Such investigations have in general focused on identifying the autoignition properties of toluene and n-heptane mixtures so as to further understanding of fuel effects on the phenomena of knock in SI engines and the rate of combustion in HCCI engines. One such means of doing so has been the rapid pressurisation of fuel and air mixtures in high pressure shock tubes. Herzler et al. [9] studied the ignition delay times of a mixture comprising 65% toluene and 35% n-heptane (by volume) at compression pressures of 10, 30 and 50 bar. While increasing the pressure consistently reduced ignition delay times, the effect of doing so became less important at higher pressures. For example, increasing the pressure from 10 to 30 bar resulted in a larger decrease in ignition delay than the same magnitude of pressure increase from 30 to 50 bar. Comparison of the data for the 65% toluene blend to that of pure n-heptane from a previous study [10] showed reduced negative temperature coefficient (NTC) reactivity for the toluene containing mixture. Hartman et al. [11] investigated the behavior of toluene and n-heptane blends containing up to 40% (volume) toluene in a high pressure shock tube at 40 bar and a temperature range of 700-1200 K. Above 20% toluene, further addition of toluene retarded the point of ignition and reduced the NTC region. Kinetic modelling suggested that the inhibiting effect of toluene on ignition of the mixtures to be highly temperature dependent and of greatest influence at 850 K for the conditions studied.
In studying HCCI in a rapid compression machine (RCM) with a peak compression ratio pressure of 4 bar, Tanaka et al. [4] observed the significantly longer ignition delay of a fully premixed blend comprising 74% toluene and 26% n-heptane compared to that of pure n-heptane. Andrae et al. [12] considered the autoignition of two toluene and n-heptane blends in a HCCI engine, both experimentally and through simulation. In engine tests, the blend containing a higher proportion of toluene exhibited longer ignition delays and initially the numerical simulation only accurately predicted these results when co-oxidation of the reactants was included. In addition to reactions involving the shared pool of radicals created by the oxidation of toluene and n-heptane, it was suggested that reactions between the resulting benzyl and heptyl radicals were also important. However, a later refinement of the detailed model [13] , utilising more accurate rate constants for the experimental conditions studied, found such reactions to be of less significance than originally considered.
Subsequently, Andrae et al. [14] in conducting semi-detailed kinetic modelling of toluene and n-heptane fuel mixtures, found the importance of cross reactions between the respective radicals of each fuel species to be dependent on the reaction conditions. In shock tube combustion at temperatures below 800 K, the inclusion of such reactions increased the model reactivity, but had no effect at higher temperatures or in HCCI simulations. Similarly, in conducting detailed kinetic modelling of surrogate gasoline fuels in a HCCI engine, Naik et al. [15] found that including cross reactions between the fuel components, which included toluene and n-heptane, had no effect on the model accuracy. Co-oxidation reactions between toluene and n-heptane were included in the modelling work of Anderlohr et al. [16] , who found the reactivity of toluene to be influenced by the presence of NOx, with hydrogen abstraction from toluene by NO 2 found to promote low temperature radical branching.
In a more recent RCM study, Di Sante [17] investigated the ignition delay times of a range of toluene and n-heptane mixtures in different proportions and at final compression temperatures. It was found that increasing the percentage of toluene present in the blend increased both the 1st and 2nd stage ignition delay times, though the influence of toluene addition diminished with increasing temperature.
Vanhove et al. [18] conducted a series of RCM experiments with a range of binary mixtures, including a 1/1 (% mols) toluene and nheptane blend, at a range of temperatures between 650 and 900 K and a compression pressure of 3-5 bar. Analysis of the reaction mixtures during the ignition delay period revealed that in addition to n-heptane, toluene also underwent oxidation prior to autoignition. A similar mixture of benzene and n-heptane produced a similar profile of ignition delay with temperature, but sampling of the reaction mixture revealed that benzene had not reacted, suggesting that the inhibiting effect of toluene may not be chemical. Further mixtures of iso-octane and toluene did show a decrease in reactivity relative to pure iso-octane that was attributable to competition for radicals between the fuel components. This was attributed to the lesser reactivity of iso-octane relative to n-heptane, thus placing greater demand on the available radicals. Xiao et al. [19] investigated the combustion and emissions production of binary mixtures of n-heptane and up to 20% (wt/wt) toluene in a Cooperative Fuel Research (CFR) indirect injection compression ignition engine. Increasing the percentage of toluene present in the blends increased the ignition delay time and also the levels of NOx, THC and smoke emitted. An ignition improver (2 EHN) was subsequently added to the blend containing 20% toluene in increasing quantities until the blend displayed the same ignition delay time as pure n-heptane. With the effect of ignition delay removed, the presence of toluene did not see a significant increase in NOx or THC levels, though an increase in smoke emissions remained. It was concluded that while the increase in NOx and THC emissions with increasing toluene content could be attributed to the change in combustion phasing with increasing ignition delay, the increase in smoke emissions was independent of ignition delay and likely the result of the increasing blend aromatic ring content.
Alkenes are another prominent component of compression ignition fuels. Despite the similarity of alkenes and alkanes in that they both possess long alkyl chains which will dominate reactivity, there has been little direct study on the binary mixtures of such fuels (though the low temperature reactivity of alkenes as single components has been investigated [20] [21] [22] [23] [24] ). Cullis et al. [25] investigated the ignition of n-heptane and 1-heptene mixtures in oxygen, and found that at below 600 K, 1-heptene did have an inhibiting effect on the reactivity of n-heptane. When considering a mixture of 1-hexene and iso-octane in the previously mentioned study [18] , Vanhove et al. found no evidence of cross reactions between the two fuel components.
This paper presents results of experiments with a modern direct injection compression ignition engine in which binary mixtures of structurally dissimilar compounds, toluene/n-heptane, and structurally similar compounds, 1-octene/n-octane, were tested. This investigation therefore provides experimental results highlighting the effects of varying the proportions of two series of binary mixtures on combustion phasing and exhaust emissions, where the mixture components can be considered representative of current and potential future fuels.
Experimental methods

Apparatus
All combustion experiments presented were conducted in a single cylinder direct injection compression ignition engine specially designed for combustion research. The binary fuel mixtures tested had physical properties, such as low lubricity, which would have resulted in damage to the fuel pump and common rail components. So, to overcome these issues, a previously designed and manufactured [26] low volume and high injection pressure fuel system was utilized.
Based on the concept first proposed and implemented by Schönborn et al. [27] , the system uses the engine common rail system as a hydraulic fluid supply so as to pressurize a small quantity of the sample fuel (100-250 ml) via two free pistons. The redesigned system used for the tests discussed in this paper features a bypass operated by high pressure needle valves that allows fossil diesel fuel from the engine pump circuit to flow at pressure through the test fuel circuit. This allows the fuel system and combustion chamber to be flushed with a reference diesel between every test run. A schematic of the system is given in Fig. 1 , with further details of the engine and control apparatus given in Table 1 .
The engine cylinder gas pressure was measured and logged with a PC data acquisition system (National instruments) at every 0.2 CAD using a piezoelectric pressure transducer (Kistler 6056AU38) and charge amplifier (Kistler 5011). At bottom-deadcentre of every combustion cycle the cylinder pressure was pegged by the data acquisition system using a piezoresistive pressure transducer (Druck PTX 7517-3257) located in the intake manifold, 160 mm upstream of the inlet valves. The normally aspirated engine had a geometric compression ratio of 15.8:1. For all the tests air was aspirated into the combustion chamber at atmospheric pressure and temperature (30°C). Various control and experiment temperatures were measured with K-type thermocouples and logged with the same PC data acquisition system utilized in recording in-cylinder pressures. The net apparent heat release rate was derived from the measured in-cylinder pressure during post-processing (MATLAB), as were the global gas temperatures utilizing a one dimensional and one zone thermodynamic model assuming homogeneity and ideal gas behavior of the cylinder contents.
Continuous exhaust gas sampling occurred 180 mm downstream of the exhaust valves to determine concentrations of gaseous species and also particulate size distribution. A gas analyzer system (Horiba MEXA 9100 HEGR) was supplied with sample gas via heated lines and was used to measure the following: NOx concentrations by chemiluminescence; CO and CO 2 concentrations with non-dispersive infrared; paramagnetic analysis to determine O 2 concentrations; and levels of un-burnt hydrocarbons were measured with a flame ionization detector. Size and mass distributions of the sub-micron particles in the exhaust gas were determined by a differential mobility spectrometer (Cambustion DMS500). Sampling of exhaust gases for particulate measurements was made via a heated line, with a dilution cyclone located at the connection between the engine exhaust and heated line. Exhaust gases were diluted at this point by 4:1 and were diluted a second time upon entry to the analyser by 100:1. The sample line and both dilution cyclones were heated to a constant temperature of 75°C.
Binary mixtures investigated
Binary mixtures comprising of two pairs of single molecules were tested in varying proportions to observe the following:
(a) The interaction of an aromatic compound with an n-alkane of equal carbon number. (b) The interaction of a 1-alkene with an n-alkane of equal carbon number.
To investigate the interaction between an aromatic and n-alkane, toluene and n-heptane were selected. To observe the synergy between a 1-alkene and n-alkane, 1-octene and n-octane were chosen. All four of the pure component fuels were obtained from a chemical supplier (Sigma Aldrich). In addition, a fossil diesel fuel with zero FAME content was tested as a reference fuel. The assay and other properties of each fuel are presented in Table 2 , while the molecular structure of each is given in Table 3 .
Experimental conditions
Each of the binary mixtures and the reference diesel were initially tested at two experimental conditions: constant fuel injection timing and constant start of ignition timing. At constant injection timing the start of injection (SOI, defined as the time at which the injector actuating signal commences) was held constant at 7.5 CAD BTDC, and start of combustion for each fuel varied according to the ignition delay of that fuel. For constant ignition timing, the SOI was varied so that the SOC of all fuels always occurred at TDC. SOC was defined as the time in CAD (after SOI and before the time of peak heat release rate) at which the minimum value of cumulative heat release occurs.
In Fig. 2 , heat release rate (HRR), cumulative heat release rate, the 1st derivative of heat release rate (dHRR) and d(tan [19] value of d(tan À1 (dHRR/dCAD)) between SOC and the time of peak heat release rate where dHRR is positive.
After the initial two sets of experiments, at constant injection and constant ignition timing were completed, a third series of experiments was carried out during which the ignition delays of some of the different binary mixtures were held constant. This was achieved by adding the radical providing ignition improver (2 EHN, the molecular structure of which is given in Table 3 ) in small concentrations to each binary mixture, in an iterative process to determine the correct dosage to equal duration ignition delays. The experiments at constant ignition delay were conducted at both a fixed SOI of 7.5 CAD BTDC and also at a SOC of TDC. All of the binary mixtures treated with 2 EHN had ignition delays which differed, at most, only by the resolution of the engine shaft encoder (0.2 CAD).
All tests were conducted at an engine speed of 1200 rpm and at 450 bar fuel injection pressure. The injection duration was adjusted in the case of every fuel so that the engine IMEP was always constant at 4 bar for all fuels. Summaries of the engine and test operating conditions during the toluene and n-heptane mixtures tests and also the 1-octene and n-octane mixture tests are given in Tables 4 and 5 .
Droplet sizing
Spray particle sizing for selected toluene/n-heptane mixtures was undertaken in a novel optical pressure chamber, the design of which has been described by Patel et al. [28] . The Sauter mean diameter (SMD) of spray droplets from a single hole injector was determined with the method of laser diffraction using an optical droplet sizing system (Malvern Spraytec Particle Sizer).
For all droplet sizing measurements, the fuel was injected at a pressure of 110 bar and a temperature of 17°C into the optical pressure chamber, which was maintained at a constant gas pressure of 1 bar and a temperature of 17°C. The optical droplet sizing system was aligned to intersect the fuel spray 60 mm below the injector nozzle tip, and horizontally displaced 10 mm off the central y-axis. Figure 3 shows the in-cylinder pressures and apparent net heat release rates of the toluene/n-heptane binary fuel mixtures and reference fossil diesel at both constant injection and constant ignition timing. Apparent from Fig. 3 is that under both timing conditions, for the reference fossil diesel and toluene/n-heptane blends of up to 40% toluene, the majority of heat release occurs during premixed combustion (defined as the combustion of fuel and air mixed to combustible stoichiometry during the ignition delay period), as indicated by the rapid rise and subsequent fall in heat release rates following SOC. Also visible in Fig. 3 , at both timing conditions, is the presence of two stage ignition for all toluene/nheptane blends containing 25% or more toluene. The interval between the two ignition stages increases with the level of toluene present, resulting in the bulk of heat release rate occurring later into the expansion stroke for those blends containing more than 40% toluene. A binary mixture containing 52% toluene was found to combust in a steady manner only at constant ignition timing ( Fig. 3) , at constant injection timing the same blend did not ignite during every cycle, with any combustion that did occur commencing very late into the expansion stroke.
Results
Toluene/n-heptane binary mixtures
A further series of experiments were conducted where the ignition delay of the toluene/n-heptane binary mixtures was isolated as a variable by the use of the ignition improving additive 2 EHN. In an iterative process, the correct dosage of 2 EHN was found so that several blends with varying toluene content all exhibited the same ignition delay (within 0.2 CAD, the resolution of the shaft encoder utilised in the recording of in-cylinder pressure). These engine experiments were then performed at a fixed SOI of 7.5 CAD BTDC and also an injection timing of 6.2-6.4 CAD BTDC so that SOC always occurred at TDC. Figure 4 shows the in-cylinder pressures and apparent net heat release rates of three toluene/n-heptane blends at constant ignition delay timings of fixed SOI and SOC at TDC. Despite the use of 2 EHN to equalize the ignition delay time, it can be seen that due to the two stage ignition delay observed in Fig. 3 , the peak heat release rate of the 40% toluene blend still occurs later into the expansion stroke (Fig. 4) . This is also true to a lesser extent of the 30% toluene mixture (Fig. 4) . As in Fig. 3 , it can be seen that the majority of heat release for all mixtures occurs during premixed combustion (Fig. 4) .
Figures 5a and b show the duration of ignition delay and 2nd ignition delay of the toluene/n-heptane binary mixtures at constant injection and constant ignition timing. Where present in Figs. 5a and b, and in the following figures, the extent of the error bars given are plus and minus one standard deviation from the mean value (which is the point displayed on the plots) taken from repeat experimental runs of the same test fuel. The values of ignition delay presented in Fig. 5a are defined as the interval between SOI and the first appearance of positive apparent heat release for Table 3 Fuel and additive structures. each fuel (SOC). The values of 2nd ignition delay presented in Fig. 5b are defined as the interval between initial fuel ignition (SOC) and the point at which a second phase of heat release commences (SOC2 as defined in Section 2.3). Figure 5a shows that increasing the percentage of toluene present in the toluene/n-heptane binary mixtures from 0% to 30% results in an almost linear increase in the ignition delay time at both timing conditions. Beyond 35% toluene, while the effect on ignition delay of further increasing the level of toluene present remains linear, the gradient of this relationship increases significantly (Fig. 5a ). An increase in the level of toluene from 10% to 20% results in an increase in ignition delay of approximately 0.5 CAD, whereas a similar 10% increase in the level of toluene from 40% to 50% results in a 2 CAD increase in ignition delay (Fig. 5a) . Furthermore, the binary mixtures would no longer combust in a steady manner without misfiring at toluene levels beyond 50% and 52% at constant injection and constant ignition timing respectively. The ignition retarding effect of toluene is in agreement with previous experimental results of toluene/n-heptane binary mixtures from shock tubes [9, 11] , rapid compression machines [4, 17, 18] and HCCI [12] and CFR [19] engines.
In Fig. 5b , it can be seen that at both injection timings the duration of 2nd ignition delay was less than 1 CAD for those toluene/nheptane mixtures containing less than 25% toluene. At 35% toluene the duration of 2nd ignition delay has increased significantly to approximately 4 CAD, and at 50% toluene it rose to approximately 7 CAD (Fig. 5b ). The potential mechanisms by which the presence of toluene affects the mixture reactivity, and thus the duration of both stages of ignition delay, are discussed in some detail in Section 4.1.
Figures 6a and b show the peak apparent net heat release rates, and coefficient of variation (COV) thereof, of the toluene/n-heptane and reference fossil diesel at constant injection, constant ignition and the constant ignition delay timings of fixed SOI and SOC at TDC. At constant injection and constant ignition timings, increasing the level of toluene present in the mixture from 0% to 10% results Fig. 3 . In-cylinder pressures and apparent net heat release rates of toluene/n-heptane mixtures and reference fossil diesel at constant injection and constant ignition timing. Fig. 4 . In-cylinder pressures and apparent net heat release rates of toluene/n-heptane mixtures and reference fossil diesel at constant ignition delay fixed SOI and SOC at TDC timing.
in a slight increase in the peak heat release rate of approximately 160-170 J/deg (Fig. 6a) . Further raising the percentage of toluene in the blend sees an increasing reduction in the peak heat release rate down to approximately 50 J/deg. The initial increase in peak heat release rate (between 0% and 10% toluene) can be explained by the concurrent increase in ignition delay (Fig. 6a) . It has previously been observed [26] that an increased ignition delay time allows more time for fuel and air mixing prior to ignition and that this larger premixed burn fraction results in a higher peak heat release rate. For those mixtures containing more than 25% toluene, the breakdown in this relationship (Figs. 5a and 6a) , can be attributed to a visibly later time of peak heat release which is especially apparent at constant injection timing (Fig. 3) . Furthermore, for mixtures containing 35% toluene and above (Fig. 3) , it can be seen that this is due to the presence of two stage ignition (Fig. 5b) . Concurrently, blends containing greater than 40% toluene show a significant increase in the COV of peak heat release rate (Fig. 6b) . It follows that with heat release occurring further into the expansion stroke, more of the cylinder wall is exposed and so more heat transfer from the cylinder charge would occur, thus lowering the apparent peak heat release rate and also increasing cycle to cycle variability. Figure 6a shows that with the effect of ignition delay isolated, at both constant ignition delay (CID) fixed SOI and SOC at TDC timing, no change in peak heat release rate with increasing levels of toluene is visible beyond the range of experimental error. However, when considering the heat release traces presented in Fig. 4 , the mixture containing 40% toluene does appear to be subject to a longer 2nd ignition delay and lower peak heat release rate.
Figures 7a and b show the calculated maximum in-cylinder global temperature (assuming mixture homogeneity and ideal gas behavior) and time of occurrence of the toluene/n-heptane mixtures and reference fossil diesel at constant injection, constant ignition and CID timings of fixed SOI and SOC at TDC. At all injection timings, with and without ignition delay isolated, for blends containing up to 40% toluene the calculated maximum in-cylinder temperature and the time at which it occurs are relatively constant showing no apparent effect of the increasing level of toluene present (Figs. 7a and b) . As the level of toluene exceeds 40%, maximum in-cylinder temperatures fall rapidly (Fig. 7a) and the temperatures are reached much further into the expansion stroke (Fig. 7b) . A positive correlation with peak heat release rate could be expected (as a more intense release of energy will result in higher temperatures and has been previously observed [26] ) and is apparent to a certain a degree, with the lowest peak heat release rates resulting in the lowest maximum in-cylinder temperatures (Figs. 6a and 7a) . Figure 8 shows the exhaust gas NOx emissions of the toluene/nheptane mixtures and reference fossil diesel at constant injection, constant ignition and both CID timings. At constant injection and constant ignition timing, levels of NOx emitted increase with the level of toluene present up to 40% (Fig. 8) . Beyond 40% toluene present in the blend, NOx emissions reduce drastically, mirroring both the decrease and later occurrence of the maximum in-cylinder temperature (Figs. 7a and b) . This could be anticipated as the production of NOx in compression ignition combustion is known to be highly thermally sensitive [29] , both to the magnitude of the in-cylinder temperature and the residence time of the cylinder contents at elevated temperatures [30] [31] [32] . However, where NOx levels are increasing between 0% and 40% toluene (Fig. 8) , there is no concurrent increase in the maximum in-cylinder temperature (Fig. 7a) , nor does it occur earlier and increase the residence time of gases at conditions suitable for NOx production (Fig. 7b) . Furthermore, with ignition delay isolated at CID timings, a similar increase in NOx emissions with between 0% and 40% toluene present in the mixtures occurs (Fig. 8) , again with no indication that in-cylinder thermal conditions have become more conducive to NOx production (Figs. 7a and b) . However, it must be noted that concurrent to increasing NOx emissions, is the increasing addition of 2 EHN to maintain constant ignition delay, the presence of which is known to contribute disproportionately to NOx emissions. The increase in NOx emissions at constant injection and constant ignition timing, up to a toluene content of 40%, is in agreement with the CFR engine study of Xiao et al. [19] , while the similar increase at constant ignition delay timings is not. Figure 9 shows the constant pressure adiabatic flame temperatures of the toluene/n-heptane mixture and reference fossil diesel at constant injection, constant ignition and both CID timings. The adiabatic flame temperature at constant pressure was calculated, assuming an equivalence ratio of 1 using the method described by Turns [33] , and taking into account dissociation of CO 2 , H 2 O and N 2 . The initial temperature of the reactants was taken as the calculated minimum in-cylinder global temperature between SOI and SOC. The calculations were performed for the binary mixtures using literature values of the enthalpy of formation of toluene and n-heptane in a gaseous state [34, 35] . It can be seen in Fig. 9 , that as the percentage of highly unsaturated toluene increases in the blend, the constant pressure adiabatic flame temperature does so as well. Therefore, notwithstanding the possible influence of 2 EHN content, it is suggested that the increasing adiabatic flame temperature (Fig. 9) is the primary driver of the increase in NOx emissions at all timing conditions for mixtures containing 0-40% toluene (Fig. 8) . The adiabatic flame temperature continues to increase with mixtures containing more than 40% toluene (Fig. 9) , however this is not sufficient to offset the changes in combustion phasing and in-cylinder thermal conditions that dramatically reduce the level of NOx produced (Fig. 8) .
Figures 10a and b show the exhaust gas emissions of CO and THC of the toluene/n-heptane mixtures and reference fossil diesel at constant injection, constant ignition and CID timings. At constant injection and constant ignition timing, both CO and THC emissions increase with the level of toluene present in the binary mixtures (Figs. 10a and b) , and for the latter the increase becomes exponential at around 40% toluene (Fig. 10b) , coinciding with the dramatic decrease in maximum in-cylinder temperatures (Fig. 7a ). CO and THC are known to be products of incomplete combustion, and indicate the increasing existence of both fuel rich and fuel lean regions within the cylinder contents as the level of toluene in the fuel blend and the ignition delay time and 2nd ignition delay increases (Fig. 5a and b) . Meanwhile, the increasing ignition delay time (Fig. 5a ) allows for greater fuel over-dilution. At CID timings, with ignition delay equalised, emissions of CO and THC continue to show an increase with the percentage of toluene present in the mixture (Figs. 10a and b) , albeit much less steeply. The peak heat release rates of the blends containing 30% and 40% toluene did occur slightly later than those of lesser toluene content (Fig. 4) , and it can be seen that combustion phasing and in-cylinder conditions are the primary driver in determining the exhaust level emissions of CO and THC. However, a secondary influence of the properties of toluene relative to those of n-heptane may also be contributing to the trends of increasing CO and THC emissions with increasing toluene content visible in Figs. 10a and b. One such property may be the higher carbon to hydrogen ratio of toluene relative to n-heptane, which would increase the level of carbon oxidation occurring relative to that of hydrogen for a constant release of energy. It can also be seen that toluene has a higher density, viscosity and boiling point than n-heptane (Table 2) , and so it is tentatively suggested that these factors produce increasingly poor fuel and air mixing as the level of toluene in the blend increases.
Figures 11a and b show the particle emissions of the toluene/nheptane binary mixtures and reference fossil diesel at constant injection and constant ignition timings. At both constant injection and constant ignition timing (Figs. 11a and b) , there is no clear influence of the percentage toluene apparent on the number of ultrafine (Dp < 20 nm) particles produced. However, at constant injection timing (Fig. 11a) , it can be seen that increasing the level of toluene in the binary mixture decreases the number of nucleation mode particles (20 nm > Dp < 50 nm). This relationship between toluene content and particle number in this size range is not precisely monotonic, and is increasingly less apparent when considering larger accumulation mode particles (Dp > 50 nm). Indeed, it can be seen that the distribution of particle number with toluene content converges at a particle diameter of approximately 100 nm, and the subsequent distribution at larger particle sizes is entirely non-monotonic (Fig. 11a) . At constant ignition timing (Fig. 11b ), the distribution of particle number with percentage toluene is tighter than at constant injection timing (Fig. 11a) up to a particle diameter of 300 nm; this indicates a strong influence of combustion phasing (Fig. 3) on the production of particulates of all sizes. Therefore, it is suggested that the effect of increased toluene content reducing the number of nucleation mode particles (Dp < 50 nm) observed at constant injection timing (Fig. 11a) can most likely be attributed to the influence of toluene content on the binary mixture ignition delay. Nucleation mode particles initially form in fuel rich zones [36] , and it can be seen that where increased toluene content increases the ignition delay time (Figs. 5a and b), and there is more time for fuel and air mixing prior to SOC, that the prevalence of these zones will decrease. Furthermore, there is a concurrent decrease in the fuel air equivalence ratio (Table 4) with increasing percentage toluene present.
Figures 12a and b show the particle emissions of the toluene/n-heptane binary mixtures at fixed SOI and SOC at TDC constant ignition delay timing conditions. At both constant ignition delay timings, a near monotonic relationship of increasing toluene content reducing the number of nucleation mode particles (20 nm < Dp < 50 nm) is apparent (Figs. 12a and b) . As with the same observation made at constant injection and constant ignition timing (Figs. 11a and b ), no such relationship is visible for accumulation mode particles of diameter greater than 70 nm. Toluene is known to have a higher sooting tendency than n-heptane in both premixed and laminar diffusion flames [37, 38] and has previously been observed to increase smoke emissions in binary mixtures of n-heptane and up to 20% (wt/wt) toluene [19] . However, no previous observations of the effect of toluene presence on the production nucleation mode particles (Dp < 50 nm) have been widely reported. It is therefore suggested that the observed decrease in the number of nucleation mode particles produced with increasing toluene content, regardless of combustion phasing, can be primarily attributed to decreasing equivalence ratio (Table 4) . A second and more speculative hypothesis is that the reduced number of nucleation mode particles can be explained by the nuclei from toluene forming more easily and earlier than those from n-heptane. Thus less nucleation mode particles are apparent in the exhaust gas where the toluene content has increased, as a greater percentage of the nuclei formed experienced sufficient time for surface growth and agglomeration. Figure 13 shows the total particulate mass emitted by the toluene/n-heptane mixtures and reference fossil diesel at constant injection, constant ignition and both constant ignition delay timings. Notwithstanding the range of error present in Fig. 13 , the absence of any clear effect of toluene content on the mass of particulates produced is contrary to earlier observations [19, 37, 38] . This would suggest that any such influence of toluene is secondary to the combustion phasing and test to test variability at these test conditions. Furthermore, it would indicate that the observed decrease in nucleation mode particles with increasing toluene content (Figs. 11a and b, 12a and b) cannot be attributed to a greater tendency of nuclei from toluene to form larger particles. Figure 14 shows the in-cylinder pressures and apparent net heat release rates of the 1-octene/n-octane binary mixtures at constant injection and constant ignition timings. It can be seen that regardless of the level of 1-octene present in the blend, the vast majority of heat release occurs during premixed combustion, and that none of the mixtures exhibit appreciable two-stage ignition (Fig. 14) . This is in contrast to the binary mixtures of toluene/nheptane (Fig. 3) , but is to be expected when considering the closer values of cetane numbers for the components of the 1-octene/noctane mixtures compared to those for the toluene/n-heptane mixtures (Table 2) .
1-Octene/n-octane binary mixtures
Employing the same methodology as applied in the case of the toluene/n-heptane binary mixtures (Section 3.1), a further series of experiments were conducted where the ignition delay of the 1-octene/n-octane binary mixtures was isolated as a variable by the use of the ignition improving additive 2 EHN. As such, Fig. 15 shows the in-cylinder pressure and apparent net heat release rates of the 1-octene/n-octane binary mixtures at the constant ignition delay timings of fixed SOI and SOC at TDC. With the initial ignition delay periods equalised, a 2nd ignition delay stage is suggested by the later time of peak heat release as the level of 1-octene present in the blend increases, resulting in a later occurrence of peak heat release rate (Fig. 15) . A similar observation was made of the toluene/n-heptane mixtures in which 2 EHN had been used to equalise the duration of the initial ignition delay period (Fig. 4) , and suggests that the pool of ignition advancing radicals provided by the 2 EHN are consumed during the 1st ignition delay period and are no longer available during the 2nd ignition delay period.
Figures 16a and b show the duration of ignition delay and 2nd ignition delay of the 1-octene/n-octane binary mixtures and reference fossil diesel at constant injection and constant ignition timing. Increasing the percentage of 1-octene present in blends results in an approximately linear increase in ignition delay at both timing conditions (Fig. 16a) , though between 80% and 100% 1-octene the gradient of increase does appear to be slightly steeper. This is possibly suggestive of a disproportionate ignition enhancing influence of small quantities of n-octane where the majority of the mixture is 1-octene. No variation in the duration of the 2nd ignition delay outside the resolution of the shaft encoder (0.2 CAD) is visible in measurements of in-cylinder pressure (Fig. 16b) . Discussion as to the influence of 1-octene on the reactivity of 1-octene/noctane mixtures is made in Section 4.2, and contrasted with the potential interactions between toluene and n-heptane discussed in Section 4.1. Figure 17 shows the peak apparent net heat release rates of the 1-octene/n-octane binary mixtures and reference fossil diesel at constant injection, constant ignition and the constant ignition delay timings of fixed SOI and SOC at TDC. At both constant injection and constant ignition timings there is a clear linear trend of increasing peak heat release rates with the level of 1-octene present in the blends (Fig. 16) . This is consistent with the observed trend in ignition delay (Fig. 16a) , and the relatively small range in ignition delay (6.5-8.1 CAD) means there is no breakdown in the relationship between ignition delay and peak heat release rate as seen in the case of the toluene/n-heptane mixtures (Figs. 5a and 6a) as the majority of heat release for all blends occurs near TDC. For this reason there is also no significant difference between tests conducted at constant injection timing and those at constant ignition timing (Fig. 17) . With the effect of ignition delay removed (Fig. 17) , at both fixed SOI and SOC at TDC, the mixture containing 50% 1-octene displayed lower peak heat release rate than either noctane or 1-octene (Fig. 17) . However, this trend is in agreement with that which could be expected when considering that the method of equalizing ignition delay was not able to do so at an accuracy greater than ± the shaft encoder resolution of 0.2 CAD (Table 5) . Figures 18a and b show the calculated maximum in-cylinder global temperature and time of occurrence of the 1-octene/noctane binary mixtures and reference fossil diesel at constant injection, constant ignition and both constant ignition delay timings. Increasing the level of 1-octene present in the binary mixtures results in a higher maximum in-cylinder temperature (Fig. 18a) which also occurs earlier into the expansion stroke (Fig. 18b) . This correlates well with the peak heat release rates of the binary mixtures (Fig. 17) , those mixtures which displayed the highest peak heat release rate reach higher maximum in-cylinder temperatures more quickly than those mixtures which displayed lower peak heat release rates (Figs. 18a and b) . It follows that a more concentrated release of energy, owing to longer ignition delay and greater premixed combustion, will result in higher and earlier temperatures when combustion is occurring near TDC where changes in cylinder volume are minimal. At constant ignition delay timings (Fig. 18b) , the maximum in-cylinder temperature again mirrors the peak heat release rate (Fig. 17) and so the slightly higher in-cylinder temperature reached by 1-octene can likely be attributed to the small residual differences in ignition delay ( Table 5 ). There is, however, a notable offset between tests conducted at fixed SOI and those at SOC at TDC timing, with the latter condition consistently producing higher temperatures (Fig. 18a) despite similar levels of peak heat release rate (Fig. 16) . There is also a consistent offset between the two timing conditions when considering the timing of maximum in-cylinder temperature (Fig. 18b) and the earlier occurrence of the maximum in-cylinder temperature at SOC at TDC timing explains the higher temperatures reached.
Shown in Fig. 19 are the exhaust gas NOx emissions of the 1-octene/n-octane binary mixtures and reference fossil diesel at constant injection, constant ignition and the constant ignition delay timings of fixed SOI and SOC at TDC. At constant injection and constant ignition timing, with an increasing percentage of 1-octene present in the blends, levels of NOx also increase linearly (Fig. 19) . Clearly apparent is a strong correlation between the level of NOx emitted and the in-cylinder thermal conditions, the highest levels of NOx were emitted by pure 1-octene which also displayed the highest maximum in-cylinder temperature (Fig. 18a) . At constant ignition delay timings, there is also a linear increase in NOx emissions with increasing 1-octene content (Fig. 19) , despite the mixture containing 50% 1-octene displaying a lower maximum in-cylinder temperature (Fig. 18a) occurring at approximately the same time (Fig. 18b) as that consisting of just n-octane. While the increasing presence of 2 EHN must again be noted, this suggests an effect of 1-octene on the level of NOx emitted outside that of affecting the ignition delay time and subsequently the peak heat release rate and thereby maximum in-cylinder temperature reached. Furthermore, close inspection of Fig. 18a shows that at constant injection and constant ignition timings, between 90% and 100% 1-octene there is no increase in maximum in-cylinder temperature but NOx levels continue to increase (Fig. 19 ). This could plausibly be due to the timing of maximum in-cylinder temperature (Fig. 18b) , which does advance with the increase of 90-100% 1-octene in the mixtures resulting in a higher residence time for gases at elevated temperatures suitable for NOx production. However, none of the non-linearity apparent in the time of maximum in-cylinder temperature (Fig. 18b) is apparent in the levels of NOx emitted (Fig. 19) . Figure 20 shows the constant pressure adiabatic flame temperatures of the 1-octene/n-octane binary mixtures and reference fossil diesel at all timing conditions. The constant pressure adiabatic flame temperatures of the 1-octene/n-octane blends were calculated according to the same method as employed in the calculation of the adiabatic flame temperatures of the toluene/ n-heptane mixtures (Section 3.1), with values for the enthalpy of formation of 1-octene and n-octane obtained from literature [35, 39] . It can be seen that there is a linear increase in the adiabatic flame temperature with the level of 1-octene present (Fig. 20) , and so it is suggested that this is contributing to the trend of increasing NOx emissions at all timing conditions (Fig. 19) . This is in agreement with previous studies where the higher adiabatic flame temperature of 1-octene relative to n-octane has been identified as generating higher NOx emissions where ignition delays have been equalised [24, 26] .
Figures 21a and b show the exhaust gas emissions of CO and THC of the 1-octene/n-octane binary mixtures and reference fossil diesel at constant injection, constant ignition and both constant ignition delay timings. At constant injection and constant ignition timing, increasing the level of 1-octene in the mixture results in an increase in CO levels (Fig. 21a) but has no clear influence on the emission of THC (Fig. 21b) . At fixed SOI and SOC at TDC timing, where the ignition delay time has been equalized, there is no apparent influence of 1-octene levels on the emission of either CO or THC (Figs. 21a and b) . This would imply that the increase in CO emissions observed at constant injection and constant ignition timing (Fig. 21a) is more likely attributable to the effect of 1-octene on combustion phasing than any physical property ( Table 2) .
Figures 22a and b show the particle emissions of the 1-octene/n-octane mixtures and reference fossil diesel at constant injection and constant ignition timings. At constant injection and constant ignition timings (Figs. 22a and b ), no effect of increasing 1-octene content on the level of nucleation mode particles (Dp < 50 nm) can be seen. However, at constant ignition timing (Fig. 22b) , there is a general decrease in accumulation mode particles (50 nm < Dp < 90 nm) with increasing 1-octene content (though the relationship cannot be described as monotonic). A similar observation was made in the case of the toluene/n-heptane binary mixtures (Figs. 11a and b) , albeit at a lower particle diameter, and was attributed to a change in the mixture stoichiometry with increasing toluene content. It can be seen that increasing 1-octene content in the binary mixtures of 1-octene/n-octane reduced the fuel air equivalence ratio (Table 5), and is concurrent with an increase in the ignition delay period (Fig. 16) ; both factors may potentially reduce the occurrence of fuel rich zones. Shown in Figs. 23a and b are the particle emissions of the 1-octene/n-octane binary mixtures, at both constant ignition delay timings. At neither fixed SOI, or SOC at TDC timing, can a monotonic relationship between 1-octene percentage and particle number at any particle diameter be clearly discerned (Figs. 23a and b) . This is contrary to the blends of toluene/n-heptane, where an observed relationship between toluene content and the number of nucleation mode particles persisted when ignition delay was eliminated as a variable (Figs. 11 and 12) . Furthermore, it suggests that in the case of the 1-octene/n-octane binary mixtures, effects of combustion phasing dominate those of global stoichiometry or alkene chemistry. Figure 24 shows the total mass of particulates emitted by the 1-octene/n-octane binary mixtures and reference fossil diesel at all timing conditions. At constant injection and constant ignition timing, the range of error presented does not make it possible to draw any conclusions as to the effect of 1-octene in the mixtures. Furthermore, no clear trends are readily apparent (Fig. 24) , and no effect of the observed decrease in the number of accumulation mode particles with the increasing presence of 1-octene (Fig. 22b) can be discerned. However, at both constant ignition delay timings, the mixture containing 50% 1-octene produced significantly more particulate mass than either n-octane or 1-octene (Fig. 24) . This is plausibly due to the thermal sensitivity of soot oxidation, (the rates of which increase with temperature [36] ) as the 50% 1-octene mixture displayed a lower peak heat release rate than either pure n-octane or 1-octene (Fig. 17) .
Discussion
Effect of toluene content on toluene/n-heptane binary mixture reactivity
The effect of increasing toluene content in a binary mixture with n-heptane is consistent with results of previous studies [9, 11, 12, 17, 18] in so much as that the mixture reactivity is decreased and the ignition delay time increased (Figs. 3, 5a and 5b) . However, developing an understanding as to how toluene is impacting on the ignition process in the current study is not straightforward as the experimental conditions are somewhat different to the previous studies mentioned. Perhaps most significantly, the binary mixtures were directly injected at high pressures (450 bar) into the cylinder near TDC, with only limited time for fuel and air mixing prior to autoignition, creating a nonhomogeneous cylinder charge. In the case of the studies conducted on high pressure shock tubes and rapid compression machines the fuel mixtures were evaporated and in some cases allowed to mix with the charge air for ten minutes prior to compression. Therefore, before considering the influence of toluene on the low temperature reaction chemistry of n-heptane, it is sensible to explore any possible effect of the physical properties of toluene on the efficiency of fuel and air mixing.
As suggested in Section 3.1, the higher density, viscosity and boiling point of toluene relative to n-heptane are likely to reduce the efficiency of fuel and air mixing ( Table 2 ). Figure 25 shows the variation with injection pressure of the SMD of pure toluene, a toluene/n-heptane binary mixture of 50% toluene and n-heptane from a single hole injector measured with an optical droplet sizing system (Section 2.4). While the measurements presented in Fig. 25 were conducted at much lower injection pressures than the engine experiments (110 vs. 450 bar), it can be seen that the droplet size of the 50% toluene mixture lies between that of pure toluene and n-heptane at all pressures. Therefore, it can be assumed that the physical properties of the binary mixtures corresponds proportionally to those of the components, thus increasing the percentage of toluene in the mixture would have reduced the efficiency of fuel and air mixing. If these changes in physical properties were significantly affecting the fuel and air mixing then an indication might be provided by the toluene/n-heptane mixtures in which ignition delay was equalized (Fig. 4) . Peak heat release rate has been previously observed to correspond well with the extent of the premixed fraction [26] , and where the duration of ignition delays are equal, it follows that the premixed burn fraction will be dictated by the efficiency of fuel and air mixing prior to SOC. Therefore, with physical properties becoming less favorable for air and fuel mixing, with increasing percentage of toluene (equal ignition delay time), the observed peak heat release rate could be expected to decrease (Fig. 6a) . While Fig. 6a does hint at such a trend, the extent of the error bars is relatively substantial and the lower peak heat release rate of the blend containing 40% toluene can be attributed to a later time of occurrence. Therefore, while an effect of changing physical properties is a potential influence on the mixture reactivity, the likely importance (if any) of such properties relative to other factors is minimal. Vanhove et al. [18] did suggest that the ignition inhibiting influence of toluene on n-heptane could not be attributed to chemical effects, however, the compression pressure of the RCM study on which this assertion is based was significantly lower than that for the current study (4 vs. 37 bar).
Toluene, as a single component and unlike n-heptane, has been observed to exhibit no low temperature reactivity that results in heat release [40] . However, Figs. 3 and 5b would seem to suggest that addition of toluene results in an increasingly significant 2nd ignition delay period that is not present at all in the case of pure n-heptane and binary mixtures containing less than 25% toluene. Previous studies have reported that addition of toluene diminishes the presence of the NTC and distinct two stage ignition [9, 11] . However, in the current study, in-cylinder conditions are such that two distinct phases of ignition delay of pure n-heptane are not apparent (Figs. 3 and 5b) ; this was also observed in the RCM measurements of Di Sante [17] at compression temperatures in excess of 800 K. This is not unexpected as for nalkanes the region of NTC is generally considered to end at approximately 750 K [41] ; at the SOI for all tests of the toluene/ n-heptane mixtures, the calculated in-cylinder global temperature was 775 K or greater.
As such the 2nd ignition delay visible for mixtures containing more than 25% toluene is unlikely to be attributable the NTC of the n-heptane present (Figs. 3 and 5b) . Considering now those mixtures with 25% or less toluene, the effect of toluene is to increase the ignition delay period but not induce a 2nd ignition delay. At low temperatures, toluene can be oxidised via the abstraction of an H from the methyl group by O 2 , or preferentially non-selective OH radicals [12, 18] . 
In the binary mixtures considered, the only source of OH radicals is those produced by H abstraction from n-heptane by O 2 (Eq. (3)), which is the first step in the radical branching process of internal isomerisation and peroxidation that governs the ignition chemistry of long alkyl chains [42] .
The benzyl radicals that are formed in Eqs. (1) and (2) are thermally stable below 1000 K and cannot be oxidised further by O 2 [41] . Therefore, as previously suggested [12, 18] , it can be seen that toluene will delay the SOC by consuming radicals that otherwise would be utilised in the radical propagating reactions of n-heptane. This is confirmed by the use of the radical providing additive 2 EHN to equalise the ignition delay of binary mixtures containing differing proportions of toluene (Fig. 4) . A second possible mechanism by which toluene may be acting as an inhibitor of radical branching during ignition delay is the physical presence of the non-reactive molecules within the fuel mixture. It is tentatively suggested that in addition to consuming radicals, the toluene molecules act as a diluent of the more reactive n-heptane molecules and thus reduce rates of reaction.
Figures 26a and b show the calculated in-cylinder global temperature profiles of the toluene/n-heptane binary mixtures at constant injection and constant ignition timing. At both timing conditions it can be seen that for all mixtures temperatures do not rise significantly above 800 K until sometime after SOC, when a substantial amount of heat release has occurred (Fig. 3) . Therefore, it would seem that for those binary mixtures that do exhibit a 2nd ignition delay, thermal conditions are broadly the same as during the first period of ignition delay and so the initial reactions of the fuel components according to Eqs. (1)-(3) are likely to remain valid. As such, the following hypothesis is put forward regarding the presence of a 2nd ignition delay for those binary mixtures containing greater than 25% toluene.
At the point of SOC, local temperatures will have reached 900-1000 K and H 2 O 2 , formed by the radical branching reactions initiated by Eq. (3), will decompose and release large numbers of OH radicals, resulting in rapid branching reactions and ignition [42] . For the mixtures containing up to 25% toluene, the ensuing heat release from the local SOC is sufficient to initiate ignition throughout the charge. In the case of the mixtures containing more than 25% toluene, after ignition and consumption of a portion of the charge a further period of time is required during which a further build up of radical numbers must be occurring. The presence of toluene may prevent the escalation of ignition by removing OH from the radical pool produced by the decomposition of H 2 O 2 . Additionally, where ignition could be expected to spread to other areas of the fuel and mixture as stoichiometry allows [43] , toluene may have prevented the build-up of sufficient radicals for this despite an increase in local temperature provided by the initial period of heat release (Fig. 3) . During the 2nd ignition delay period, radical branching reactions involving n-heptane (Eq. (3)) and radical stabilizing reactions involving toluene (Eqs. (1) and (2)) continue. Fuel and air mixing would also continue and, given that a degree of premixing has already occurred during the initial period of ignition delay, it could be expected that more of the fuel and air mixture would be at ideal stoichiometry for combustion at SOC2; it is also likely that local temperatures are somewhat higher as a result of the first heat release period. Thus this 2nd point of ignition is able to propagate throughout the cylinder charge. It is also possible during the 2nd ignition delay and SOC2 that the radical stabilising effect of toluene is potentially somewhat diminished as some toluene molecules will have been oxidised to thermally stable benzyl radicals during the 1st period of ignition delay.
It can be seen that the 2nd ignition delay period (Fig. 4b) increases as the toluene content of the binary mixture rises from 35% to 50%, and it follows that this can be attributed to fewer n-heptane molecules to produce radicals and more toluene to consume those that are produced. Ignition cannot occur at all for mixtures containing more than 52% toluene (at the conditions tested), indicating that at this point there is insufficient build up of radicals and local temperatures for any ignition to take place, regardless of the degree of fuel and air premixing.
Effect of 1-octene on low temperature behavior of 1-octene/noctane binary mixtures
In contrast to the binary mixtures of toluene and n-heptane, those of 1-octene and n-octane show a reasonably linear relationship between ignition delay and the mixture composition (Fig. 16a) . As the ignition delay is proportional to the 1-octene content, it is suggested that the longer ignition delays of the binary mixtures relative to n-octane can be attributed to the lower ignition quality of 1-octene (Table 2) . A previous study [26] in which several alkanes and alkenes (including n-octane, 1-octene and 1, 7-octadiene) were compared as pure fuel components, found that the ignition delay of an alkene relative to that of n-alkane of equivalent carbon chain length correlated highly with the percentage of double bonds present within the alkene. A similar relationship can be observed in the current study when considering that as the level of 1-octene increases in the binary mixtures, the proportion of double bonds do so also.
This implies that the addition of the 1-octene to the binary mixture does not result in significant interactions between those molecules and the n-octane within the mixture. This is not a surprising result as the low temperature reactivity of alkenes is considered to be dominated by the saturated portions of the molecule [20, 22, 24] , which will follow the same low temperature branching pathways as n-alkanes.
Conclusions
1. Increasing the percentage of toluene present in a binary mixture with n-heptane significantly reduces the ignition quality of a blend. Furthermore, at the conditions tested, n-heptane displayed one stage ignition but addition of more than 25% (wt/wt) of toluene resulted in two distinct ignition stages. Where the level of toluene present exceeded 50%, no ignition occurred whatsoever. 2. Where the toluene/n-heptane mixtures show only one stage of ignition delay and this increases in duration with the percentage of toluene present, this can be attributed to the radical stabilizing behavior of toluene. This effect can be offset by the radical proving additive 2 EHN. 3. Where two stages of ignition delay were apparent in the combustion of the toluene/n-heptane binary mixtures, the failure of the initial ignition to propagate throughout the cylinder charge can also be attributed to the radical consumption of toluene. It is suggested that the 2nd point of ignition is able to propagate throughout the charge as the second period of ignition delay allows for more fuel and air mixture to reach combustible stoichiometry. 4. Increasing the content of 1-octene present in a binary mixture with n-octane results in a proportional increase in ignition delay. 5. Exhaust emissions produced by the binary mixtures of toluene/n-heptane and 1-octene/n-octane show a significant influence of the in-cylinder thermal conditions as dictated by the ignition delay time. In the case of both binary mixtures, within select size ranges, an influence of stoichiometry on the number of particulars present in the exhaust gas is also apparent. 6. With the ignition delay of the binary mixtures removed as a variable, an increase in toluene or 1-octene content results in higher NOx levels and can likely be attributed to a simultaneous rise in adiabatic flame temperature.
The hypotheses presented regarding the two stage ignition of the toluene/n-heptane mixtures may well be furthered with coupled CFD and chemical kinetics analysis, and the authors would welcome the use of the extensive experimental dataset acquired to test and validate CFD models and codes at the present experimental conditions.
